Hydrogen peroxide (H 2 O 2 ) is ubiquitous in cells and at the centre of developmental programmes and environmental responses. Its chemistry in cells makes H 2 O 2 notoriously hard to detect dynamically, specifically and at high resolution. Genetically encoded sensors overcome persistent shortcomings, but pH sensitivity, silencing of expression and a limited concept of sensor behaviour in vivo have hampered any meaningful H 2 O 2 sensing in living plants.
Introduction
Hydrogen peroxide (H 2 O 2 ) occurs ubiquitously in aerobic cells and organisms. An ever-growing body of evidence has associated H 2 O 2 with central physiological, pathological and signalling processes (Waszczak et al., 2018; Smirnoff & Arnaud, 2018) . The importance of well-controlled H 2 O 2 dynamics in plants is reflected by a comprehensive inventory of both H 2 O 2 -generating systems and antioxidant proteins. Production of H 2 O 2 , or superoxide as its precursor, occurs in all cell types and in most subcellular compartments, at rates that are strongly dependent on metabolic activity and environmental conditions. Although it is notoriously difficult to quantify the relative contribution of different mechanisms to total H 2 O 2 production in vivo, specific steps in the photosynthetic and respiratory electron transport chains, peroxisomal carbon metabolism and cell wall peroxidases as well as plasma membrane NADPH oxidases are often assumed to dominate cellular H 2 O 2 production. Yet, other redox active proteins, such as the flavoenzymes involved in central metabolism and oxidative protein folding, are also able to reduce molecular oxygen to H 2 O 2 , and may turn into sources of major H 2 O 2 flux under specific conditions (Meyer et al., 2019) .
H 2 O 2 and other reactive oxygen species (ROS) have been regarded as toxic by-products of an aerobic lifestyle for decades. It is now under debate whether H 2 O 2 generation by metabolism and the electron transport chains is really an unavoidable side effect. Alternatively, it may be evolutionarily optimised to serve specific signalling and only turn pathological under extreme conditions when imbalance arises between the rates of ROS production and scavenging. More evidently, NADPH oxidases operate as professional ROS-generating systems that act both as cellular signalling hubs and integrators of long distance signalling. Their contribution to a range of signalling and developmental systems such as regulation of stomatal aperture (Pei et al., 2000; Kwak et al., 2003; Sierla et al., 2016; Devireddy et al., 2018) , root hair development (Foreman et al., 2003) , pollen tube growth (Potocky et al., 2007; Boisson-Dernier et al., 2013; Lassig et al., 2014) , Casparian strip formation (Lee et al., 2013) , organ separation (Lee et al., 2018) and biotic stress responses (Chaouch et al., 2012; Kadota et al., 2014; Siddique et al., 2014) is well established. Furthermore, in current models of long distance signalling, H 2 O 2 derived from NADPH oxidase has been proposed as a major second messenger in cell-to-cell signalling, that works in tight mechanistic association with intracellular Ca 2+ dynamics (Miller et al., 2009) . Concepts established for Ca 2+ signalling, such as signatures and micro-domains, have also been discussed for ROS signalling (Choudhury et al., 2017) , but experimental evidence is lacking due to the lack of comparable tools to monitor intracellular ROS dynamics in living cells and tissues. Even attractive signalling concepts, such as ROS waves running through tissues to relay systemic signals, are based on indirect transcriptional evidence, such as luciferase fused to the promoters of GST1 and ZAT12 (Grant et al., 2000; Miller et al., 2009) , from which the precise spatiotemporal ROS dynamics can only be inferred, and the specific cellular targets remain unknown. The large body of indirect data for intracellular ROS signalling, such as genetic or transcriptional evidence, reflects the complex situation that arises from the reactive and chemically diverse nature of ROS. In combination with the technical shortcomings in the available tools, a double challenge arises for progress towards a detailed understanding of ROS signalling.
Similar problems arise with decoding H 2 O 2 signals. Thiol oxidation by H 2 O 2 has been identified as the mechanism of H 2 O 2 sensing in several pathways in bacteria, yeast and animal systems (Zheng et al., 1998; Delaunay et al., 2002; Peralta et al., 2015; Sobotta et al., 2015) . H 2 O 2 can directly oxidise protein thiols, but such a mechanism is unlikely to occur indiscriminately in vivo, where oxidation is typically mediated by a small number of highly reactive thiols located on a specific subset of proteins (Veal et al., 2007; Weerapana et al., 2010) . Specific cysteine thiols, such as the catalytic thiols of the peroxiredoxins, are orders of magnitude more reactive towards H 2 O 2 than most other cellular thiols, making them by far the preferred target of oxidation in the presence of physiological H 2 O 2 fluxes. Subsequently, the initial oxidation of these reactive thiols can be transmitted to other proteins by redox relays. A well-studied example is the yeast oxidant receptor peroxidase-1/glutathione peroxidase 3 (Orp1/ Gpx3), which shows a particularly high reactivity with H 2 O 2 and mediates the targeted oxidation of the YAP1 transcription factor (Delaunay et al., 2002) . By analogy to Ca 2+ -binding proteins, these peroxidases provide a mechanism for signal specificity, based on constrained protein-protein interactions and reactivity, to trigger a defined response.
To understand which specific regulatory processes involve H 2 O 2 signalling, at which precise subcellular location, and at which developmental stage, the specific and direct detection of H 2 O 2 in planta would be a major advance. While in vitro or extracellular detection of H 2 O 2 is well established (Gomes et al., 2005; Ortega-Villasante et al., 2018; Rezende et al., 2018) , intracellular measurements in vivo of H 2 O 2 still suffer from major technical constraints (Marchesi et al., 1999; Buettner, 2015) . The initial introduction of genetically encoded Ca 2+ sensors brought transformative insights into plant Ca 2+ dynamics and signalling. The introduction of redox-sensitive GFP sensors has started a comparable process for redox regulation . Nevertheless, in vivo measurements of intracellular H 2 O 2 dynamics comparable to those of free Ca 2+ have remained problematic. RoGFP sensors specifically monitor dynamics of the glutathione redox potential (E GSH ) with subcellular resolution. The variant roGFP2 fused to human glutaredoxin 1 (Grx1-roGFP2) shows very low reactivity with H 2 O 2 in comparison to competing endogenous thiols of specialised H 2 O 2 detoxifying enzymes (Sch-warzl€ ander et al., 2016) , but is specific for E GSH (Gutscher et al., 2008) . Several other sensor variants have been engineered to enable specific in vivo monitoring of H 2 O 2 . A common approach is to fuse an H 2 O 2 -reactive domain, from a peroxidase for example, to give H 2 O 2 specificity to a fluorescent protein allowing dynamic detection via changes in its optical properties. Sensors of the HyPer family (Belousov et al., 2006; Markvicheva et al., 2011; Bilan et al., 2013; Ermakova et al., 2014) , and the roGFP-based proximity sensors, roGFP2-Orp1 and roGFP2-Tsa2 (Gutscher et al., 2009; Morgan et al., 2016) have emerged as two dominant H 2 O 2 biosensor classes. More recently, a novel FRET sensor based on human peroxiredoxin 2 has been introduced (Langford et al., 2018) .
HyPer-based measurement of H 2 O 2 has been performed in Arabidopsis (Costa et al., 2010; Hernandez-Barrera et al., 2013 , 2015 Rodrigues et al., 2017) , as well as in transiently transformed tobacco leaves (Exposito-Rodriguez et al., 2017) . However, the circular permutated yellow fluorescent protein (cpYFP) chromophore used in HyPer is highly pH sensitive (Ezerina et al., 2014; Schwarzl€ ander et al., 2014) , complicating any unambiguous data interpretation without simultaneous measurement and correlation for local pH. Indeed, several studies have shown that a HyPer response was caused by pH changes and not, or only partially, by H 2 O 2 (Roma et al., 2012; Weller et al., 2014) . A redox insensitive Cys-mutant of HyPer, named SypHer, was subsequently introduced (Poburko et al., 2011) , which is strictly required as a pH control in HyPer experiments. Despite this elegant workaround, each HyPer variant requires a matching SypHer variant (Matlashov et al., 2015) , increasing measurement complexity and data analysis, and even SypHer cannot precisely mimic the exact pH characteristics of HyPer in its different redox states. Differences in the exact pH responses between dyes and sensors (e.g. different pK a or dynamic range) is a general problem for pH controls and serious misinterpretations have arisen from this issue (Schwarzl€ ander et al., 2012b) . By contrast, the roGFP2based sensors used to monitor E GSH are pH insensitive over a physiological pH range (Schwarzl€ ander et al., 2008; Albrecht et al., 2011) and provide an alternative chromophore for sensor construction.
In the fusion sensor roGFP2-Orp1, reaction of Orp1 with H 2 O 2 results in the formation of a sulfenic acid (-SOH) with its reactive cysteine Cys 36 (Delaunay et al., 2002) , which then condenses with Cys 82 to generate an intramolecular disulfide (Gutscher et al., 2009; Albrecht et al., 2011) (Fig. 1a ). The disulfide bridge is transferred to the reduced roGFP2 by thiol-disulfide exchange due to the high local concentration arising from the close proximity, which changes the steric arrangement of the beta barrel surface and in turn the optical characteristics of the chromophore. Probe oxidation is reversed by reduction, and the cellular thiol redox machinery appears to deliver the required electrons in vivo, which is the basis for any dynamic monitoring of H 2 O 2 changes. The contribution of the individual cellular redox pathways to the in vivo reduction of the probe has remained undefined. Likewise, for the HyPer sensors, experimental data on the pathway for the re-reduction of the sensor is missing. Since it is the balance between the oxidation and reduction kinetics of the probe that sets its redox state and spectroscopic read-out, knowledge about the interacting reducing system is essential for meaningful interpretation of any dynamic H 2 O 2 sensor response (discussed at detail in Schwarzl€ ander et al., 2016) . Free roGFP2 protein equilibrates with E GSH Schwarzl€ ander et al., 2008) , whereas the reduction of free Orp1 was found to be mediated by the thioredoxin machinery (Delaunay et al., 2002) . RoGFP2-Orp1 was exploited to monitor H 2 O 2 dynamics in yeast (Bode et al., 2013) , Drosophila (Albrecht et al., 2011) and human cells (Gutscher et al., 2009; Sobotta et al., 2013) . Very recently the cytosolic construct was introduced into Cyclamen persicum (Ratjens et al., 2018) , and we have previously used it in Arabidopsis guard cells (Scuffi et al., 2018) . Nevertheless, detailed characterisation of the sensor in plants and its application in different cell compartments has been lacking.
Here, we validate roGFP2-Orp1 to monitor subcellular H 2 O 2 dynamics in Arabidopsis in vivo. First, we establish Arabidopsis sensor lines with cytosolic and mitochondrial sensor expression. Second, we characterise the sensor in vitro by reconstitution of its potential interacting redox systems. Third, we examine its behaviour in vivo using chemical, pharmacological and genetic modulation of H 2 O 2 exposure and thiol redox balance by confocal microscopy at high resolution or multiwell fluorimetry for high throughput. Fourth, we demonstrate that the sensor system is sufficiently sensitive to allow direct analysis of intra-and subcellular H 2 O 2 and redox signalling, as exemplified by elicitorinduced NADPH oxidase activation.
Materials and Methods
The following procedures are described in Supporting Information Methods S1-S4: Cloning of sensor constructs and generation of plant lines; Plant culture; Purification of recombinant proteins; Elicitors. Primers used in this work are given in Table S1 .
In vitro characterisation of roGFP2-Orp1
The fluorescence characteristics of purified roGFP2-Orp1 (5 lM) were analysed in a spectro-fluorometer (JASCO FP-8300, Tokyo, Japan). Excitation spectra of roGFP2-Orp1 in the range of 360-510 nm (with 1 nm resolution and 5 nm bandwidth) were recorded with emission in the range of 512.5-517.5 nm in potassium phosphate buffer (100 mM, pH 7.0) supplemented with 5 mM EDTA. Emission spectra of oxidised and reduced roGFP2-Orp1 in the range of 500-600 nm were recorded with 1 nm resolution and 5 nm bandwidth at excitation at either 405 nm or 488 nm. Purified sensor was either reduced by 20 mM dithiothreitol (DTT) or oxidised by 1 mM 2,2dithiopyridylsulfide (DPS).
Multiwell plate reader-based fluorimetry
RoGFP2-Orp1 was excited sequentially at 400 AE 5 nm and 482 AE 8 nm in a CLARIOstar plate reader (BMG Labtech, Ortenberg, Germany) and emission was recorded at 520 AE 5 nm. For excitation scans, roGFP2-Orp1 was exited in 1 nm steps with 10 nm bandwidth; emission was recorded in the range of 515-525 nm. The internal temperature was kept constant at 25°C. Next, 7-d-old seedlings or leaf discs of 4 wk-old plants were filled in transparent 96-well plates, except for the luminol assay, where white 96-well plates were used (Sarstedt, N€ umbrecht, Germany). Fluorescence of Col-0 plants was recorded and subtracted from all data before analysis. For in vivo experiments with Arabidopsis seedlings and leaf discs, plant material was submerged in 10 mM MES, pH 5.8, 5 mM KCl, 10 mM MgCl 2 , 10 mM CaCl 2 . For the leaf disc assays, plates were kept in the dark overnight and buffer was exchanged before starting the assay. For in vitro assays, purified roGFP2-Orp1 was analysed in potassium phosphate buffer (100 mM, pH 7.0) supplemented with 5 mM EDTA, if not elsewhere specified.
Confocal imaging and image analysis
Confocal imaging of 5-d-old Arabidopsis seedlings was performed at 20°C using either a Leica DMI 6000B inverted microscope equipped with a Leica TCS SP5 laser scanning device for generating the seedling map or a Zeiss LSM780 microscope as described previously (Wagner et al., 2015) . RoGFP2-Orp1 was excited sequentially at 405 and 488 nm and emission was recorded at 505-535 nm, with the pinhole set to 5 airy units. Autofluorescence was collected at 425-475 nm and chlorophyll fluorescence at 670-720 nm. MitoTracker Orange CMTMRos was excited at 543 nm and emission was recorded at 570À620 nm. Single plane images were processed with a custom MATLAB-based software (Fricker, 2016 ) using x,y noise filtering and fluorescence background subtraction.
Results
Generation of Arabidopsis lines for the expression of roGFP2-Orp1 in the cytosol and the mitochondrial matrix
We generated Arabidopsis lines expressing the fusion construct roGFP2-Orp1 in the cytosol and the mitochondrial matrix. Twelve independent lines with different expression levels for both subcellular compartments were initially selected based on fluorescence intensity and two lines each were propagated to homozygosity. Although severe silencing has been a reoccurring problem in plant in vivo sensing (Pei et al., 2000; Deuschle et al., 2006; Chaudhuri et al., 2008; Jones et al., 2014; Behera et al., 2015; Loro et al., 2016; Schwarzl€ ander et al., 2016) , we found the constitutive expression to be stable across generations. The fluorescence in cotyledon epidermal cells of the cyt-roGFP2-Orp1 lines showed characteristic fluorescence in the cytosol and the nucleus (Fig. 1b) . The signal was restricted to a thin layer between plasma membrane and vacuole, to transvacuolar strands, and to the nucleoplasm counterstaining the nucleolus. The mt-roGFP2-Orp1 lines showed characteristic fluorescence distribution for plant mitochondria (El Zawily et al., 2014) , and co-localised with the mitochondrial matrix marker MitoTracker ® Orange CMTMRos (Fig. 1c ). We observed consistently unambiguous cytosolic or mitochondrial sensor localisation independent of tissue type and developmental stage.
The cyt-roGFP2-Orp1 plants showed a wild-type phenotype, while the mt-roGFP2-Orp1 lines were delayed in their growth ( Fig. 1d ) reminiscent of other lines expressing fluorescent biosensors in the mitochondrial matrix, irrespective of sensor type (De Col et al., 2017) . The combination of both the cytosolic and the mitochondrial lines provided us with a setup to explore live monitoring of H 2 O 2 with subcellular resolution. For further in planta analyses lines #1 were used.
Sensor protein is insensitive to pH and gives an integrated response to H 2 O 2 and the thiol redox systems in vitro
To draw reliable interpretations from in planta measurements we initially characterised the sensor protein properties in vitro. The responsiveness of the roGFP2-Orp1 fusion sensor to H 2 O 2 and its specificity have been demonstrated previously (Gutscher et al., 2009) . To fill remaining gaps in our understanding of the pH sensitivity and reversible sensor behaviour, we characterised the behaviour of roGFP2-Orp1 protein in vitro. Excitation and emission scans confirmed the typical dual excitation and single emission properties of roGFP2-based probes (Dooley et al., 2004; Hanson et al., 2004) from the fluorescent reporter domain of the fusion protein (Gutscher et al., 2009) (Fig. 2a ). RoGFP2-Orp1, reduced by 20 mM dithiothreitol (DTT), showed a characteristic peak at around 490 nm excitation, while the sensor that was oxidised by 1 mM 2,2-dithiopyridylsulfide (DPS) showed two peaks at about 400 and 490 nm. The shift between the two excitation maxima was ratiometric with a spectroscopic dynamic range (d) of 6.1, as calculated for excitation at 405 and 488 nm (laser wavelengths typically available for confocal microscopy). Emission New Phytologist spectra of both roGFP2-Orp1 red and roGFP2-Orp1 ox showed a common maximum at around 515 nm (Fig. S1b,c) . Excitation ratios of purified roGFP2-Orp1 were constant in the pH range from 6.5 to 8.3 for both the oxidised and the reduced state, resulting in a stable spectroscopic dynamic range ( Fig. 2b ). Decreasing pH below 6 led to a gradual decrease in the dynamic range. pH stability within the physiological range provides a critical advantage in both the plant cytosol and the mitochondrial matrix, where pH can fluctuate considerably (e.g. Felle, 2001; Schwarzl€ ander et al., 2012a; Behera et al., 2018) .
Next, we assayed the sensor response to H 2 O 2 (Fig. 2c,d) . Prereduced roGFP2-Orp1 was titrated with H 2 O 2 concentrations that covered the range around the reaction stoichiometry of the sensor (0.3 lM of sensor protein as quantified by Bradford assay). Untreated, reduced roGFP2-Orp1 showed a steady rate of spontaneous oxidation, reflecting the high sensitivity of the sensor to oxidation even in the de-gassed media. H 2 O 2 caused a dose-dependent increase in sensor oxidation. One micromolar of H 2 O 2 was sufficient to oxidise the roGFP2-Orp1 population completely, while sub-stoichiometric amounts caused clear, but more modest oxidation ( Fig. 2d ). Considering that oxidation of one sensor molecule can involve between one and two H 2 O 2 molecules (one each for the Orp1 and the roGFP2 disulfides), the responses of the sensor match the predicted reaction stoichiometry range. The addition of 0.25 lM H 2 O 2 resulted in an oxidation rate that was close to half of the maximal rate reached around 1 lM (Figs 2d, S1d). Addition of DTT efficiently reduced the sensor, confirming the reversibility of the response in the presence of appropriate reductant.
The steady state of the sensor is set by the relative rates of oxidation and reduction. We reconstituted both the thioredoxin and the glutathione systems in vitro to estimate the respective contribution of both major cellular thiol redox pathways to the reduction of the sensor (Fig. 2c,e ). The roGFP2-Orp1 population was oxidised after purification and could not be further oxidised by DPS. Reconstitution of the thioredoxin machinery by addition of NADPH, NADPH-dependent thioredoxin reductase b (NTRb; localised in the Arabidopsis cytosol and the mitochondrial matrix; Reichheld et al., 2007) ; and TRX-O1 (the dominating Arabidopsis thioredoxin in the mitochondrial matrix; Laloi et al., 2001; Gelhaye et al., 2004) ; caused steady reduction of the sensor extract. Likewise, addition of glutathione (GSH), in the presence of nonlimiting amounts of NADPH and yeast glutathione reductase (GR), led to reduction by a gradual ratio decrease towards a partially reduced steady state. In the presence of Arabidopsis glutaredoxin C1 (GRXC1), addition of glutathione caused a much faster reduction and reached a plateau at a largely reduced state. The data indicate that both cellular redox machineries are capable of reducing the roGFP2-Orp1, but the glutathione/GRX system was kinetically more effective than the thioredoxin system.
The in vivo responses to H 2 O 2 demonstrate sensor functionality in planta
To test whether the in vitro characteristics of the sensor protein are valid in vivo, we first assessed the redox state of the roGFP2-Orp1 sensor in the cytosol across an entire Arabidopsis seedling by confocal microscopy (Figs 3a, S2) . The 405/488 nm excitation ratio was remarkably stable across the plant, and deviations that were occasionally observed in individual seedlings did not turn out to be systematic. Such homogeneity was different to recent findings with roGFP2-Orp1 in Drosophila embryos (Albrecht et al., 2011) and with biosensors of other specificities in Arabidopsis (De Col et al., 2017) .
To test the in vivo responsiveness of cytosolic roGFP2-Orp1 to external DTT and H 2 O 2 we focused on the root tip (Fig. 3b,  c) . Excessive concentrations were used to guarantee sensor saturation. H 2 O 2 caused an increase in excitation ratio while DTT caused no change in the cytosolic signal. By contrast, the mitochondrial roGFP2-Orp1 was further reduced from resting levels by DTT, indicating slight oxidation of the sensor at steady state. The spectroscopic dynamic range (d) was 6.5 for the cytosolic roGFP2-Orp1 and 4.1 for the mitochondrial roGFP2-Orp1. These data show that roGFP2-Orp1 responds dynamically to H 2 O 2 in planta.
In conjunction with confocal imaging, we adapted multiwell fluorimetry (De Col et al., 2017) to monitor H 2 O 2 dynamics in planta with increased throughput and over time. Ratiometric measurements make the sensor readings independent of expression level, as well as tissue amount in the well, as long as the sensor signal is sufficiently high compared with the background. Redox responses of intact Arabidopsis seedlings as determined by multiwell fluorimetry resulted in dynamic range values that were comparable with those measured in root tips by confocal microscopy (Figs 3, S3a) and were not significantly different between independent sensor lines. To assess the validity of those measurements we recorded excitation spectra from seedlings expressing cyt-roGFP2-Orp1 and mt-roGFP2-Orp1 (Figs 4a,b , S3b). The tissues displayed raw fluorescence spectra similar to the characteristic shape observed in vitro ( Fig. 2a ) and the relative fluorescence in the nonsensor-expressing controls was low, indicating that chlorophyll fluorescence did not cause a significant interference. However, increasing autofluorescence intensities with excitation in the ultraviolet (UV) light region were observed, and this background made a significant impact on the overall spectrum for the dimmer mitochondrial lines. Nevertheless, the sensor signal was distinguishable from background fluorescence at excitation around 400 nm even in the reduced sensor ( Fig. S3b) and subtraction of the control autofluorescence resulted in spectra that were equivalent to those of the purified sensor protein (Fig. 2a ), demonstrating that quantitative measurements can be performed unperturbed by tissue autofluorescence. The corresponding 2D spectra confirmed that sensor fluorescence was high as compared with the background across the relevant excitation space (Fig. S4) .
To investigate if, and how quickly, endogenously produced H 2 O 2 can oxidise roGFP2-Orp1 in vivo, we made use of the setup for dynamic monitoring after menadione application to Arabidopsis seedlings. Menadione mediates superoxide formation through the catalytic transfer of electrons from endogenous donors, such as the ubiquinone pool of the mitochondrial electron transport chain, to molecular oxygen. Superoxide in turn New Phytologist (2019) (Fig. S5a) . DCF fluorescence increased instantly in response to the treatment at a higher rate than in the solvent control. A similarly rapid oxidation response was observed with cytosolic roGFP2-Orp1, which could be observed as a progressive ratiometric shift in the in vivo spectrum ( Fig. 4c,d) . Menadione triggered oxidation in both the cytosol and the mitochondrial matrix, albeit with different kinetics, and across the different tissue types observed by confocal microscopy (Fig. S5b,c) . This demonstrates the sensor is responsive in planta and shows that both confocal imaging and multiwell fluorimetry allow in vivo monitoring of H 2 O 2 with subcellular specificity.
Genetic impairment of subcellular redox machineries identifies the glutathione system as the dominating mechanism of sensor reduction in planta
Since the dynamic response characteristics of the sensor are shaped by the relative rates of oxidation and reduction, we aimed to explore the impact of varying the reducing and antioxidant systems in vivo. We introduced the cytosolic and mitochondrial New Phytologist roGFP2-Orp1 sensor into a set of different Arabidopsis mutant backgrounds with impairment of their subcellular redox machineries.
Established lines with disruption of cytosolic or mitochondrial glutathione-and thioredoxin-based redox machineries were selected to interfere with the potential reduction pathways of roGFP2-Orp1; ntra/b (Reichheld et al., 2007) , trx-o1 (Daloso et al., 2015) , gr1 (Marty et al., 2009 ) and gr2 (L. Marty & A. J. Meyer, unpublished) ( Fig. 5a ). We anticipate that these mutants may have altered steady state H 2 O 2 levels because the missing pathways normally supply electrons for H 2 O 2 detoxification by peroxidases. In addition, cat2-1, impaired in catalase 2 (Queval et al., 2007; Kerchev et al., 2016) , as a high capacity sink for H 2 O 2 in the peroxisomes, sapx impaired in ascorbate peroxidase activity in the plastid stroma and the mitochondrial matrix (Giacomelli et al., 2007) , as well as prxII F, impaired in mitochondrial matrix peroxiredoxin-II F (Finkemeier et al., 2005) were selected (Fig. 5a ).
The cytosolic sensor indicated no change for most of the mutant backgrounds at steady state in any of the four investigated seedling areas (Fig. 5b) . The exception was gr1 for which a pronounced oxidative shift was observed in all the seedling areas. The mitochondrial sensor showed analogous oxidation in the gr2 background, but interestingly increased oxidation was also detectable across the gr1 seedlings. Oxidation was also found in the roots and root tips in the cat2-1 and the sapx backgrounds, but not in the hypocotyl and the cotyledons. The ntra/b, trx-o1 and prxII F backgrounds showed no change in the mitochondrial matrix in any of the tissues. Impairment of GR in the cytosol (GR1) and the mitochondrial matrix (GR2) explains the strong oxidation of the cytosolic and mitochondrial sensor in those backgrounds, and provides in vivo evidence for a dominant role of the glutathione redox machinery in sensor reduction. By contrast, impairment of the thioredoxin machinery in the ntra/b and trx-o1 backgrounds did not have any detectable impact on sensor oxidation. The minor oxidation of the mitochondrial sensor in the gr1 background where cytosolic, but not mitochondrial, GR activity is impaired, may suggest oxidation of the sensor due to a lack of antioxidant capacity in the cytosol, possibly by H 2 O 2 diffusion from the 
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New Phytologist cytosol into the matrix. A potential problem due to partial sensor mis-localisation in the cytosol appears unlikely based on microscopic inspection of gr1 sensor seedlings. As catalase 2 is localised in the peroxisome, the effect in the mitochondria of root tissues may also be explained by H 2 O 2 diffusion across the organelle membranes. An oxidative shift in the absence of sAPX suggests a role in mitochondrial H 2 O 2 handling that cannot be compensated for efficiently in the roots.
To assess how steady-state oxidation of the sensor affects the sensor dynamics in response to H 2 O 2 , we focused on the cytosolic sensor in the wild-type and the gr1 background using multiwell fluorimetry (Fig. 5c ). While external application of H 2 O 2 led to minor sensor oxidation followed by recovery towards the baseline, the response was stronger in the gr1 background and recovery was delayed, demonstrating that decrease of antioxidant capacity and of the capacity for sensor re-reduction provides a genetic means to magnify the sensitivity to in vivo H 2 O 2 transients.
Monitoring intracellular H 2 O 2 dynamics during the elicitorinduced oxidative burst captures subcellular ROS signalling
The contrasts between compartments revealed in the different mutant backgrounds allowed us to address the question of how NADPH oxidase (RBOH)-derived apoplastic H 2 O 2 would impact on intracellular H 2 O 2 dynamics. Passage of extracellular H 2 O 2 across the plasma membrane via aquaporins has been shown by several studies (Bienert & Chaumont, 2014; Rodrigues et al., 2017; Bestetti et al., 2018) , but detailed assessment of subcellular impacts in vivo is lacking. To explore the intracellular impact of RBOH activation, we used multiwell fluorimetry and three different elicitor treatments; the N-terminal flagellin fragment flg22, a partially acetylated chitosan (degree of acetylation (DA) 50%), and a fully deacetylated chitosan (DA 0%) (Melcher 
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(c) Fig. 5 Redox-state of cytosolic and mitochondrial roGFP2-Orp1 in different mutants of the (thiol) redox systems. (a) Mutants impaired at different positions of the redox machinery as used in the analysis; a schematic overview of the localisation of the affected proteins is shown: glutathione reductase 1 (GR1), glutathione reductase 2 (GR2), thioredoxin-O1 (TRX-O1), NADPH-dependent thioredoxin reductase A and B (NTRA/B), catalase-2 (CAT2), stromal ascorbate peroxidase (sAPX) and peroxiredoxin-II F (PRXII F). Four different tissues of 5-d-old Arabidopsis plants were analysed by confocal microscopy: I, cotyledons; II, hypocotyl; III, roots; IV, root tips, as indicated by white boxes on the representative fluorescent seedling. (b) Steady state roGFP2-Orp1 oxidation is plotted (n ≥ 6; sequential excitation, 405 and 488 nm; emission: 520 AE 15 nm; boxplots show 10-90% percentiles; outliers indicated as black circles; means indicated by black crosses with *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 with two-way analysis of variance (ANOVA) and Dunnett's multiple comparisons test) for the cytosolic and the mitochondrial sensors in the different tissues of the respective mutant backgrounds. For statistical testing Col-0 was compared with all individual mutants within one seedling area but mutants were not compared with each other. (c) Cytosolic roGFP2-Orp1 oxidation was monitored in real time in Col-0 seedlings and in gr1 background by multiwell fluorimetry (n = 3-4; error bars, AE SD; sequential excitation: 400 AE 5 and 482 AE 8 nm; emission, 520 AE 5 nm; means corrected for autofluorescence of Col-0 seedlings). H 2 O 2 was added where indicated by black arrows (1 st addition, 1 mM; 2 nd addition, 1 mM; 3 rd addition, 5 mM). The differences between control and treatment were significant (P < 0.05) after minute 174 for Col-0 and after minute 13.5 for gr1 (considering data points from start of the first treatment minutes 10-225; t-test corrected for multiple comparisons by the Bonferroni-Sidak method). The experiment was repeated twice with consistent results. Fig. 6 The intracellular responses of roGFP2-Orp1 to elicitor-triggered oxidative burst in Arabidopsis leaf discs. (a) Cytosolic roGFP2-Orp1 oxidation was monitored in real time in leaf discs of 4-wk-old plants of Col-0 by multiwell fluorimetry (n = 5; error bars, + SD; sequential excitation, 400 AE 5 and 482 AE 8 nm; emission, 520 AE 5 nm; means corrected for autofluorescence of Col-0 seedlings). Elicitors were added to a final concentration of 10 lM for flagellin 22 (flg22) and to 0.01 mg ml À1 for both chitosans, either 50% acetylated (chit. DA50) or 0% acetylated (chit. DA0), as indicated by a black arrow. Inset shows cytosolic roGFP2-Orp1 oxidation in leaf discs preincubated with diphenylene iodonium (DPI, 50 lM) after 100 min of the addition of flg22 (n = 4; error bars, + SD; sequential excitation, 400 AE 5 and 482 AE 8 nm; emission, 520 AE 5 nm; means corrected for autofluorescence of Col-0 seedlings with *P ≤ 0.05 by two-tailed, unpaired Student's t-test; full time series in Fig. S6 ). (b) Luminescence triggered by the different elicitors in a luminol assay (n = 4; error bars, + SD). (c) As in (a), but with gr1 mutant. (d) Cyt-roGFP2-Orp1 oxidation 100 min after starting the assay (boxplots show 10-90% percentiles; means indicated by black crosses with: a, P > 0.05; b, P ≤ 0.05; e, P ≤ 0.0001 with two-way analysis of variance (ANOVA) and Dunnett's multiple comparisons test). (e) As in (a) and (c), but with mitochondrial roGFP2-Orp1 in Col-0 and gr2 background and with flg22 only (n = 5; error bars, + SD; sequential excitation, 400 AE 5 and 482 AE 8 nm; emission, 520 AE 5 nm; means corrected for autofluorescence of Col-0 seedlings). Red box highlights the initial sensor response in gr2 background to flg22 treatment. All experiments were repeated at least three times with consistent results. (f) Simplified model of the NADPH oxidase (RBOH)-dependent generation of superoxide, which dismutates to H 2 O 2 as detectable in the extracellular space. Entry into the cytosol and the mitochondrial matrix, as well as signal modulation, can be monitored by roGFP2-Orp1. Gubaeva et al., 2018) (Fig. 6a ). While both chitosan treatments of leaf tissue expressing cytosolic roGFP2-Orp1 did not differ from the control, flg22 induced extended transient oxidation starting after about 1 h of treatment and peaking at about 2 h. The flg22 response was fully abolished by diphenylene iodonium (DPI) confirming that the oxidation was due to induction of RBOH (Fig. 6a inset; note that DPI alone leads to gradual sensor oxidation probably due to inhibition of other flavoenzymes such as GR; Fig. S6 ). The sensor recordings showed excellent reproducibility of the qualitative response, while the amplitude was more variable between the individual biological replicates. Control measurements using extracellular luminol showed a much earlier transient, peaking at about 4 min, suggesting different dynamics between the extracellular and the intracellular responses (Fig. 6b ). Furthermore, an extracellular transient was also detected for the partially acetylated chitosan (DA 50%), peaking at about 10 min, while the response to the fully deacetylated chitosan (DA 0%) was very low and delayed to over 20 min. To address a potential sensitivity limitation of the assay by efficient cytosolic H 2 O 2 scavenging and/or the effective sensor reduction, we performed the experiments in the gr1 background (Marty et al., 2009) (Fig. 6c ). As observed in Fig. 5(b,c) , the steady state of cytosolic roGFP2-Orp1 in the gr1 background was strongly shifted towards oxidation. Oxidation started early and showed an increased amplitude in response to flg22 as compared with the wild-type background. Also partially acetylated chitosan (DA 50%) showed a clear cytosolic response, while the fully deacetylated chitosan (DA 0%) did not induce a detectable response. The peak amplitudes showed a clear increase in gr1 as compared with WT ( Fig. 6c,d) and correlated with the luminol controls (Fig. 6b) . The intracellular transient detected by roGFP2-Orp1 was nevertheless strongly extended, exceeding the 4 h duration of the measurement. One mechanism to account for the difference in timing may be a secondary release of H 2 O 2 from intracellular sources, like the mitochondrial electron transport chain, as suggested for mammalian systems (Dikalov, 2011) . However, the mitochondrial-targeted roGFP2-Orp1 sensor did not show any oxidation in response to flg22 in the wild-type background, and even in the gr2 background only a minor and early transient was detectable (Fig. 6e ). This suggests that H 2 O 2 can reach the mitochondrial matrix, but that an active contribution by the mitochondria to cytosolic oxidation is unlikely. NADPH oxidase-derived H 2 O 2 entered the cytosol at a sufficient rate to be sensed, despite efficient scavenging and sensor reduction by the antioxidant systems (Fig. 6f) . Technically, the usage of the gr1 and gr2 backgrounds offers an elegant means to increase detection sensitivity and to explore the contributions from different cell compartments to H 2 O 2 release and signalling.
Discussion
Monitoring intracellular H 2 O 2 dynamics in plants has been a long-standing challenge. Establishing roGFP2-Orp1 as a sensor for subcellular H 2 O 2 monitoring in planta provides a toolkit, along with the critical conceptual framework, to experimentally unlock plant cell H 2 O 2 dynamics and signalling. The straightforward expression of the sensor in Arabidopsis is by contrast to HyPer2 and roGFP2-Grx1 for which severe silencing and subcellular mis-targeting were reported (Exposito-Rodriguez et al., 2013 Albrecht et al., 2014) . Nevertheless, the mitochondrial sensor lines showed developmental delay, similar to other mitochondrial sensor lines (De Col et al., 2017) , which requires critical consideration in the interpretation of measurements. We further provide a mechanistic framework for the operation of the sensor in vivo, based on in vitro reconstitution analyses and characterisation in several genetic mutant lines impaired in H 2 O 2 handling and thiol redox regulation. Experimental validation of such a concept has not been available for any H 2 O 2 sensor in plants, but is critical for meaningful interpretation of in vivo measurements . Our data extend the H 2 O 2 sensing concept to an electron flux model in which an irreversible reaction between H 2 O 2 and the probe is balanced by reduction/redox equilibration with glutathione as mediated by glutaredoxins. As a result, the steady state of the probe is governed by the relative kinetics of oxidation and reduction. The additional mechanistic information that is now available on the endogenous reduction via the glutathione pool in the Arabidopsis cytosol and the mitochondrial matrix provides the required framework to interpret sensing data mechanistically and with consideration of the redox context. A similar mechanistic investigation into the H 2 O 2 sensing mechanism is only available for the peroxiredoxin-fusion sensor roGFP2-Tsa2 , which is only established for yeast. It needs to be pointed out that peroxynitrite (ONOO À ) can show similar reaction behaviour as H 2 O 2 with reactive protein thiols (Dubuisson et al., 2004) . A recent study found roGFP2-Orp1 to respond to ONOO À in vitro, while the response was absent in the E GSH sensor Grx1-roGFP2 (M€ uller et al., 2017) . By contrast, hypochlorous acid and polysulfides showed reactivity with both sensors. Increased rates of ONOO À generation may occur in planta via the reaction between NO and superoxide, and plausibly coincide with elevated H 2 O 2 generation. As such, ONOO À cannot be ruled out as a potential alternative oxidant when interpreting in vivo responses of thiol-based H 2 O 2 sensors, such as roGFP2-Orp1 or HyPer.
H 2 O 2 measurement in living plant cells using sensors of the HyPer family has been reported in several independent cases so far (Costa et al., 2010; Boisson-Dernier et al., 2013; Hernandez-Barrera et al., 2013 , 2015 Exposito-Rodriguez et al., 2017; Mangano et al., 2017; Rodrigues et al., 2017) . The roGFP2-Orp1 circumvents several of the key problems associated with the HyPer sensors. Specifically pH stability of roGFP2-Orp1 had been predicted, based on the pH insensitivity of roGFP2 (Schwarzl€ ander et al., 2008; Albrecht et al., 2011) , and is experimentally validated here. The lack of a pH response provides a critical advantage to avoid potential artefacts as well as cumbersome pH controls. This is important due to the linkage between H 2 O 2 dynamics and pH in the cell. An example is NADPH oxidase activity, which leads to an intracellular release of protons at NADPH oxidation during extracellular superoxide production. Coincident changes in cell physiological parameters during signalling responses appear to be the rule rather than the exception New Phytologist (Poburko et al., 2011; Behera et al., 2018) . For example, shifts in intracellular pH can be significant in plants where dynamic changes in photosynthesis and vacuolar transport rely on changes in pH gradients (Raven & Smith, 1980; Felle, 2001) . Particularly strong and sudden pH changes can occur in the matrix of individual mitochondria (Schwarzl€ ander et al., 2012a; Santo-Domingo et al., 2013) , which have led to confusion over the usage of different pH-sensitive biosensors (Demaurex & Schwarzl€ ander, 2016) . RoGFP2-Orp1 will rule out pHrelated ambiguities in interpretation of H 2 O 2 sensing data in future studies.
A key insight from our data on roGFP2-Orp1 applies for any dynamic H 2 O 2 sensor that detects H 2 O 2 by being oxidised in a reversible manner: the steady state of the sensor is generally set by the relative electron fluxes towards and away from the sensor pool. This means that dynamic monitoring specifically of H 2 O 2 is only possible under the assumption that the reduction rate remains constant; if so, then changes in sensor oxidation can be linked directly to changes in H 2 O 2 . This is plausible under many physiological situations of small or moderate H 2 O 2 elevations. Once E GSH is also shifted, due to oxidation of GSH to GSSG or due to pool depletion Marty et al., 2009) , the redox state of the sensor will follow. This is likely to be the case in the gr1 and gr2 mutant backgrounds that we have explored, although increased H 2 O 2 flux may occur simultaneously, as indicated by a more oxidised mitochondrial sensor when cytosolic GR1 was absent. From a physiological perspective, the mechanism by which H 2 O 2 induces sensor oxidation, i.e. directly or via a shift in E GSH , may be regarded equivalent in many situations, since the signalling outcome for an endogenous transduction protein responsive to H 2 O 2 /E GSH would be analogous. However, changes in E GSH unrelated to H 2 O 2 homeostasis (e.g. pool depletion) may also change the sensor response; this needs careful consideration, and can be controlled for .
Our data confirm previous theoretical considerations that dynamic H 2 O 2 sensors are not suitable to determine absolute intracellular H 2 O 2 concentrations . Experiments that apply defined external H 2 O 2 concentrations and link those to a given intracellular sensor response provide a degree of correlation with external H 2 O 2 concentrations in a given system (e.g. Ermakova et al., 2014) , but carry little meaning for any H 2 O 2 quantification inside the cell. Even cell permeabilisation would not provide any meaningful advantage, since it is the dynamic intracellular equilibrium between oxidation and reduction rates that sets the sensor response and those rates strictly depend on the individual subcellular environment and the physiological conditions.
Consideration of the in vivo properties of the sensor now allow detailed interpretation of endogenous H 2 O 2 measurements including inference about the passage of H 2 O 2 across membranes and its interaction with the local antioxidant systems within a specific cell compartment. We take advantage of the fact that H 2 O 2 generation by NADPH oxidases (via superoxide) towards the apoplast is well-characterised in plants. This is because extracellular ROS can be detected straightforwardly by extracellular probes and because weaker antioxidant defence extends the half-life of extracellular H 2 O 2 (Møller et al., 2007) . Luminol-based detection and nitro blue tetrazolium-staining have proven useful to study NADPH oxidase activation in elicitor signalling and development Potocky et al., 2007; Kadota et al., 2014) . Reliable data for the impact of plasma membrane NADPH oxidase stimulation on intracellular H 2 O 2 dynamics are largely lacking, but seem critical if we are to understand the mechanisms to operate in different cell compartments, for example during pathogen defence or guard cell dynamics.
The elicitor measurements demonstrate that RBOH-derived H 2 O 2 clearly reaches the cytosol at sufficient rates to oxidise specific cysteine thiols. Influx of H 2 O 2 was found to be mediated by AtPIP1;4 during plant-pathogen interaction and by AtPIP2;1 in guard cell signalling (Grondin et al., 2015; Tian et al., 2016) . H 2 O 2 passage via AtPIP2;1 was recently shown by ex vivo HyPer imaging of guard cells in epidermal peels (Rodrigues et al., 2017) . The multiwell fluorimetry-based analysis employed here cannot specifically monitor guard cells, but detects fluorescence from all cells of the intact leaf tissue layers, accounts for the recovery after the injury of generating leaf discs (injury has been found to cause oxidation artefacts in epidermal peel preparation; Scuffi et al., 2018) and shows low variability while allowing for parallel measurement of large sample numbers. By making use of genetic backgrounds in which glutathione reduction and/or H 2 O 2 detoxification is weakened, the measured H 2 O 2 response can be boosted, as evident from the flg22-induced sensor response amplitude in the WT, gr1 and gr2 backgrounds. The technical advantage in monitoring oxidation events that are undetectable in the WT is demonstrated by our experiments, where the chitosan DA 50% response could not be separated from the chitosan DA 0% and the solvent control in the wild-type, but showed a clear difference in the gr1 mutant background.
A recent study using the free roGFP2 in the mitochondrial matrix of Arabidopsis leaves, found a gradient of glutathione oxidation from the penetration side of the nonadapted powdery mildew (Fuchs et al., 2016) . Mitochondria close to the penetration site contained a more oxidised glutathione pool than those more distant in the same cell. It was speculated whether local activity of NADPH oxidase by the plant and/or by the fungus may be responsible. Our observation of elicitor-induced sensor oxidation in the cytosol and the mitochondria validates the concept of inter-compartmental H 2 O 2 dynamics. While the prolonged oxidation response in the cytosol as compared with the extracellular space may imply intracellular amplification of the H 2 O 2 stimulus or a gradual decline of cytosolic antioxidant capacity, the effect of the oxidative burst was hardly detectable in the mitochondrial matrix. The latter points to passive oxidation in the matrix by H 2 O 2 influx under the specific conditions rather than active H 2 O 2 production and amplification by the H 2 O 2generating machinery of the organelle itself (Yao et al., 2002; Riemer et al., 2015; Huang et al., 2016) . The significance of proximity between a site of pathogen perception and subcellular organelles in intracellular H 2 O 2 signalling could not be resolved by the multiwell approach employed here but will lend itself to further exploration by confocal imaging of roGFP2-Orp1 in the future. 
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